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’INTRODUCTION
The majority of cellular proteins exist as symmetric oligomers
withdistinctbiochemicalandbiophysicalproperties,whichoften
provide the means for additional regulation of their function at
the post-translational level.
1 3 The study of oligomeric systems
insolutionisfrequentlyhinderedbytheirlargemolecularweight,
whichlimitstheresolutionofNMRspectraduetofasttransverse
spin spin relaxation rates, and complicates the application of
NOE methods for the derivation of interface restraints. More-
over,thesymmetryinherenttosuchprotein complexesgivesrise
tospectraldegeneracy,astheequivalentspinsitesexperiencethe
samechemicalenvironmentamongtheproteinsubunits.Despite
the spectral simpliﬁcation resulting from symmetry, analysis of
corresponding NOE spectra can be more complicated as cross
peaks can represent intra- or intermolecular interactions.
While more laborious isotopic ﬁltering schemes can be used to
distinguish between intra and inter subunit NOEs,
4,5 such
measurements intrinsically oﬀer lower sensitivity and are often
not carried out.
Previous methods for the determination of the solution
structure of dimeric proteins and protein complexes have often
relied upon the availability of interface NOEs
6 or highly ambig-
uous distance restraints, such as those obtained from chemical
shift mapping experiments.
7 9 Residual dipolar couplings
(RDCs) and small-angle X-ray scattering (SAXS) data also have
beenusedassupplementaryreﬁnementrestraintstoimprovethe
convergence of the NMR ensemble.
10 12 In the absence of
distance restraints, the docking of protein complexes has proven
to be a challenging task. In several recent studies, information
obtained from ﬁtting of RDC data to previously available
structural models of the monomeric subunits was used to limit
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ABSTRACT: Symmetric protein dimers, trimers, and higher-
order cyclic oligomers play key roles in many biological
processes. However, structural studies of oligomeric systems
by solution NMR can be diﬃcult due to slow tumbling of the
system and the diﬃculty in identifying NOE interactions across
protein interfaces. Here, we present an automated method
(RosettaOligomers) for determining the solution structures of
oligomeric systems using only chemical shifts, sparse NOEs,
and domain orientation restraints from residual dipolar cou-
plings (RDCs) without a need for a previously determined
structure of the monomeric subunit. The method integrates previously developed Rosetta protocols for solving the structures of
monomeric proteins using sparse NMR data and for predicting the structures of both nonintertwined and intertwined symmetric
oligomers.Weillustratedtheperformanceofthemethodusingabenchmarksetofnineproteindimers,onetrimer,andonetetramer
withavailable experimental data andvarious interface topologies. Theﬁnalconverged structuresare found tobeingood agreement
with both experimental data and previously published high-resolution structures. The new approach is more readily applicable to
large oligomeric systems than conventional structure-determination protocols, which often require a large number of NOEs, and
will likely become increasingly relevant as more high-molecular weight systems are studied by NMR.6289 dx.doi.org/10.1021/ja111318m |J. Am. Chem. Soc. 2011, 133, 6288–6298
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the degrees of freedom in a rigid-body search, according to the
orientation of the alignment tensor.
6,13 15 In systems with
internal symmetry one of the axes of the alignment tensor must
be collinear with the symmetry axis of the system and hence the
rigid body degrees of freedom need only be sampled inthe plane
thatisperpendiculartothesymmetryaxis.Althoughthismethod
cansuccessfullyidentifyabindinginterfacethatisconsistentwith
thecrystalstructure,
13,15itisinherentlylimitedbyinaccuraciesin
the protein orientation due to lack of precision in the atomic
coordinatesofthemodelsusedtoﬁttheexperimentalRDCdata.
Analysishasshownthattheseinaccuraciescanleadtoerrorsinthe
orientation of the alignment tensor on the order of 5 10 ,
16
which can dramatically alter the results of docking calculations.
Moreover, thesemethods relyupontheavailabilityof a previously
determined structural model from either X-ray crystallography or
conventionalNMRmethods.
17ThediﬃcultyininterpretingRDC
data in theabsence of anaccurate structural model limits their use
in determining the structure of dimers with unknown monomer
structure, thus reducing the range of targets that can be studied in
solution using RDCs as the only type of experimental data that
report on the arrangement of the monomeric subunits.
Recent work from our group has shown that the structure of
symmetricalassembliesofconsiderablesizecanbepredictedusing
modeling methods as implemented in the program Rosetta.
Symmetric docking in Rosetta
18 can provide accurate structures
of oligomers with various sizes and topologies, for which the
structure of the monomeric subunit has been previously deter-
mined using X-ray crystallography. Rosettacan alsoprovidehigh-
resolution structures of multichain, symmetric oligomers with
interleaved topologies using a protocol (fold-and-dock) in which
the folding and docking degrees of freedom are explored
simultaneously.
19 In the current work, we extend these ap-
proaches to allow the high accuracy oligomer structure determi-
nationfromchemicalshifts,limitedNOEs,andRDCs.Weinitially
assume the oligomer is nonintertwined and begin by calculating
the structure of the monomeric state using sparse NMR data,
taking advantage of recent advances in the CS-Rosetta modeling
methodology.
20,21 We next use backbone RDC data as domain
orientationrestraintstodockthemonomeric subunits.Withsuch
data, the Rosetta symmetric docking algorithm can eﬀectively
identify the native oligomer structure (provided that the number
of monomers in the oligomer is known from experiments),
without need for interface NOE restraints which are the main
source of convergence in previously published protocols addres-
sing this task. If the oligomeric structures produced are not
converged, we restart the modeling calculations allowing for the
possibility that the oligomer is intertwined by using the Rosetta
fold-and-dock protocol guided by the chemical shift and RDC
information. The method produces accurate oligomer models
using backbone chemical shifts and RDCs from 1 to 2 alignment
media for all of the benchmark cases studied.
’RESULTS AND DISCUSSION
Overview of the Method. We have generalized both the
Rosetta symmetric docking protocol
18 and the Rosetta fold-and-
dock protocol
19 to take full advantage of NMR data to guide the
conformational search. For noninterleaved oligomers, the NMR
dataallowfullersamplingofvariationsinmonomerstructureand
guide homo-oligomer assembly. For interleaved structures, the
NMR data better define the local structure and guide formation
of the correct dimer interface.
In the ﬁrst step, models of the free monomer are generated
using Rosetta supplemented with either chemical shifts alone
21
or chemical shifts and a small number of backbone NOEs,
depending on available data. Previous work has shown that by
using chemical shifts alone, convergence to the correct structure
is generally achieved for proteins of ∼100 amino acids, while
larger structures of up to ∼150 amino acids often can be
determined using a very limited number of NOEs. At this point,
we assume that all assigned NOEs arise from intramolecular
interactions. Having sampled a diversity of low-energy confor-
mations at the monomer stage (Figure 2A), we then proceed to
Rosetta symmetric docking
18 supplemented with domain orien-
tation restraints from RDC data.
22,23 The rigid body orientation
ofthemonomersandthesidechainconformationsareoptimized
by Monte Carlo minimization, as described in Materials and
Methods.
24 The lowest energy dimers sampled are then sub-
jected to simultaneous reﬁnement of backbone, side chain, and
rigid body degrees of freedom to allow for restricted (within 1 Å
rmsd), local adaptations of the backbone to the ﬁnal docked
orientation of the dimer. The low-energy reﬁned structures from
independent docking runs starting from diﬀerent monomers are
pooled, and convergence is thenassessed by structuralclustering
and by evaluation of pair wise RMSDs within the low-energy
pool. The structural ensemble is considered converged if the 10
lowest-energy structures can be clustered within 3 Å backbone
rmsdtothecenterofthecluster(alargerrmsdthresholdcouldbe
usefulforoligomerswithmoredisorderedloops).Ifthereisclear
convergence in the low energy population, the converged
Figure 1. Flow diagram of the method. Starting from an extended
protein chain, CS-Rosetta uses backbone chemical shift assignments to
derive an ensemble of models for the monomer. Convergence at this
step is used as an indication of a noninterleaved interface, in which case
symmetric docking is performed for each monomer seed from the low-
energy ensemble. If convergence is not observed, the complex may be
intertwined and the internal and rigid body degrees of freedom are
optimized simultaneously using the fold and dock protocol guided by
the NMR data.6290 dx.doi.org/10.1021/ja111318m |J. Am. Chem. Soc. 2011, 133, 6288–6298
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ensemble is taken as the computed model of the complex.
Otherwise, if convergence is not observed, the oligomeric com-
plex may be intertwined, and the Rosetta fold-and-dock
protocol
19 supplemented with RDCs is carried out as described
below. This pipeline enables the structure determination of
dimers showing a variety of interface types (Figure 1).
The structures generated by the protocol map the energy
landscapeofthecomplex,subjecttotheexperimentalconstraints.
Such a landscape is shown in Figure 2B for a complex of known
structure.Thefunnelingoftheenergytowardthenativestructure
showsthatamongthediversityofbackbonestructuresobtainedat
themonomerstagethereexistconformationsthatcanprovidethe
correct backbone scaﬀold for convergence toward the native
structure of the dimer. In this case the low energy docked
conformationsgeneratedwithdiﬀerentmonomerseedsconverge
on the native structure of the dimer. The use of RDCs biases
sampling of the rigid body degrees of freedom toward experi-
mentally relevant regions of the conformational space and
further helps to discriminate against low-energy, non-native
conformations.
Application of the Method to Symmetric Dimers and
Comparison to Previously Published NMR Structure Deter-
mination Protocols. We compare the results of our method to
docking results previously obtained using RDCs as the only type
of interdomain restraints (Table 1). The structure of the homo-
dimer ykuJ has been previously determined by both X-ray
crystallography as well as a protocol based on a fixed symmetry
axis forced to coincide with one of the principal axes of the
alignmenttensor.
15Usingournewmethod wefindalow-energy,
converged ensemble that agrees with RDC data collected in two
alignmentmedia,asindicatedbyRDCQ-factorsof0.26and0.18
respectively,and which falls very close (0.9 Åbackbone rmsd)to
the X-ray structure (Figure 3A). For the side chains of most
interface residues, there also is a high degree of convergence to
the rotamers observed in the crystal structure (0.4 Å RMSD for
all interfacial atoms), which reflects the use of Rosetta’s
Figure2. OverviewofRosettaOligomersmethod.ThetwostepsofthemethodareillustratedfortheperiplasmicproteinTolR.(A)Intheﬁrststep,the
CS-Rosetta protocol produces a low-energy ensemble of full-atom conformations, showing a high degree of convergence to the monomer in the NMR
structure(PDBID2JWK).Anoverlayofthe10lowest-energystructures(color)onthenativestructure(gray)isshowninthestructurediagramonthe
bottom. Only backbone chemical shift data are suﬃcient to produce this result (no RDCs were used at this step). (B) In asecond step employing RDC
data,thelow-energymonomerconformationsfromA,inthiscaseproducedindockingcalculationsfrommonomers10and5,aredockedinasymmetric
mannertoproducehomodimericstructures thatarewithin1.5ÅfromthepreviouslyreportedNMRstructureofthedimer,obtainedusingRDCsanda
full set of interface NOEs.
106291 dx.doi.org/10.1021/ja111318m |J. Am. Chem. Soc. 2011, 133, 6288–6298
Journal of the American Chemical Society ARTICLE
full-atomenergyfunctionandthefactthatallbackboneandside
chain degrees of freedom are optimized to accommodate
structural changes arising from interactions between the mon-
omeric subunits (Figure 3B). Such a degree of atomic detail in
the absence of interface distance restraints could not be
obtained using the rigid body search with the coarse energy
terms presented in the earlier study.
15 Using a similar protocol
tofixthesymmetryaxis,inadditiontoemployingparamagnetic
surface mapping, Lee and co-workers reported a structural
model of the weakly associated homodimer SeR13.
14 We
applied our protocol to compute the dimer structure using
only backbone chemical shifts and RDC data from two align-
ment media. The resulting structural ensemble is in excellent
agreement with the measured RDCs (Q-factors of 0.26 and 0.24
respectively) and shows a high degree of convergence to the
structural model of Lee et al. (Figure 4C).
14
Taken together, these results show that our method can
reproduce the results obtained using a ﬁxed symmetry axis and
Table 1. Structural Statistics Reported from the Application of the RosettaOligomers Pipeline on Ten Oligomers with
Experimentally Determined Structures
target name PDB ID/method size fold/interface data used
a Rosetta rmsd (Å)
b RDC Q-factor
c
TolR 2JWK/NMR 74   2 Rβ/Rβ CS, RDC(1,261), SAXS
d 1.2/1.5/0.6 0.4
ykuJ 2FFG/X-ray 80   2 Rβ/R CS, RDC(2,59) 0.7/0.9/0.4 0.26/0.18
SeR13 2K1H/NMR
e 86   2 Rβ/β CS, RDC(2,53), NOE (32) 2.0/3.4/3.4 0.26/0.24
At5g22580 1RJJ/NMR 101   2 Rβ/β CS, RDC(1,96) 2.2/2.2/1.7 0.4
HIV-I CCD 1BIS/X-ray 152   2 Rβ/Rβ CS, RDC(2,96) 1.0/1.3/0.7 0.30/0.32
yiiF 2K5J/NMR 44   2 Rβ/Rβ
f CS, RDC(1,24) 0.9/1.0/0.5 0.05
KR150 3OBH/X-ray
e 74   2 Rβ/Rβ
f CS, RDC(1,56), NOE (67) 1.4/2.8/2.7 0.32
ATU0232 2K7I/NMR 64   2 Rβ/Rβ
f CS, RDC(1,46) 2.2/2.5/2.1 0.24
CA dimer 2KOD/NMR 77   2 R/R CS, RDC(1,100) 1.3/1.4/1.2 0.1
P53 1C26/X-ray 31   4 Rβ/Rβ
f CS only 0.7/1.1/0.3 N/A
aRDC(numberofalignmentmedia,numberofRDCspermediumpermonomer).AllNOEsareassumedtobeintramolecular.TypicalestimatedRDC
errors are 0.5 1 Hz.
bThe rmsd calculated here for backbone atoms in the monomer/dimer/interface (deﬁned here according to a 3.5 Å distance
cutoﬀ).
cQ-factors calculated according to Cornilescu and co-workers
52 for alignment Media A/B (if available).
dWhen using SAXS data in addition to
RDCs, the dimer structure can be determined using a limited data set of 68 NH RDCs.
eIndicating comparison to a low-resolution structural model or
structure of a homologous protein.
fIndicating a dimer with an interleaved interface.
Figure 3. Structural convergence of the method for bacterial protein
YkuJ. (A) Backbone of the 10 lowest energy conformations generated
usingRosettaOligomers (blue)superimposed onthecrystalstructureof
thedimerinred(PDBID2FFG).(B)Detailedviewofthesidechainsat
theinterfaceofthedimer,presentedinaviewthatisperpendiculartothe
interface. Good convergence of the low energy conformations to the
PDB structure is indicated by backbone rmsd values for the interface
residues of ca. 0.4 Å (here the interface is deﬁned as all residues within
3.5 Å from the other subunit). (C) Without the use of RDCs as
orientationrestraintsduringthesearchthedockingalgorithmconverges
toanalternativestructuralensemblethatusesaβ-sheetinterfacetoform
the dimer.
Figure4. Comparisontopreviouslydeterminedstructures.Thelowest-
energy dimer conformations obtained using RosettaOligomers are
superimposed on the previously determined structures (in red). (A)
Arabidopsis thaliana hypothetical protein and structural genomics target
At5g22580, showing good agreement to the previously published X-ray
structure (PDB ID 1RJJ). (B) Periplasmic protein TolR (PDB ID
2JWK),previously determinedusingadockingprotocol inCNS
25using
RDCs and a set of 65 interface NOEs. (C) Weakly associating homo-
dimerSeR13,previouslymodeledusingarigidbodysearchofmonomer
orientations around a ﬁxed axis of symmetry (PDB ID 2K1H). (D)
Catalytic core domain ofthe HIV-1 integrase dimer (residues 50 212),
showing 1.3 Å backbone coordinate rmsd relative to the previously
determined X-ray structure (PDB ID 1BIS).6292 dx.doi.org/10.1021/ja111318m |J. Am. Chem. Soc. 2011, 133, 6288–6298
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that the produced structural ensembles show a high degree of
resolution and convergence to the native structure. Moreover, in
the case of C2 symmetry considered here, by searching all four
independent rigid body degrees of freedom simultaneously
rather than ﬁxing the symmetry axis of the system according to
the RDC alignment tensor, the present method is robust to
errors in determining the axis of symmetry from the RDC data
due to structural noise present in the monomer models.
We have also evaluated the performance of the new method
relativetoestablishedprotocolsthatmakeuseofinterfaceNOEs
aswellasRDCsandotherdatatypes.Fortheperiplasmicprotein
TolR, previously determined with the program CNS
25 using a
fullsetofdistancerestraints,including65interfaceNOEs,RDCs,
and SAXS data,
10 our method converged to a solution within 1.5
Årmsdforthebackboneand0.6Årmsdforinterfaceatomsfrom
the published structural ensemble (Figure 4B). This was
achieved using only backbone chemical shifts and RDCs, far less
data than the CNS calculation. Convergence of the symmetric
dockingcalculationsimprovedwhenincreasingamountsofRDC
informationwasutilized;bestresultswereobtainedusingallfour
internuclear vectors (N H, CR C0,C 0 N, CR HR).
SimilarresultswereobtainedfortheproteinAt5g22580,a101-
residue structural genomics target from Arabidopsis thaliana. The
structure of the At5g22580 dimer was previously determined
using RDCs, dihedral and hydrogen bond restraints, and to a set
of 2117 assigned NOEs of which 31 were intermolecular.
26 In
contrast,usingonlyRDCstodockthedimer,thecurrentprotocol
converged to a 1.7 Å rmsd for the interface atoms (deﬁned
accordingtoa3.5Ådistancethresholdbetweenanypairofatoms
on the monomeric subunits) relative to the NMR ensemble
(Figure4A).This illustratesthemerit ofourapproachforsolving
thesolutionstructureoflarger-sizehomodimers(>100residues),
for which obtaining interface NOEs can become challenging and
labor intensive.
InterleavedDimers.Theapproachusedintheaboveexamples
assumes only modest structural adaptations (within 1 Å rmsd) of
the backbone due to the interactions between the monomers.
However, the assumption that the monomers can fold as inde-
pendentchainsdoesnotnecessarilyholdforallhomo-oligomeric
structures. A concern regarding the general applicability of the
current strategy is its performance in the case of homo-oligomers
with a significant degree of interaction between the two subunits,
suchasfoundindomain-swappedmultimericsystems.
27Wehave
tested whether we can diagnose such cases without any a priori
knowledge on the degree of interaction between the monomeric
subunits. We considered the homodimer yiiF from Shigella
flexneri with interleaved backbone topology (PDB ID 2K5J),
involving the formation of a β-sheet using strands from the two
monomers.Asexpected,CS-Rosettacalculationsoftheindividual
monomersfailedtoconverge(Figure5A);thenativestatecannot
be energetically distinguished by considering only interactions
within the monomer. If nevertheless the low energy, partially
unfolded monomers are used as starting points in the symmetric
docking protocol we obtain a converged structural ensemble,
whichshowsasignificantdegreeofinteractionbetweenthechains
(Figure5BandD)thatfurthersuggestsaninterleaveddimer.The
previously published fold-and-dock protocol
19 is a more suitable
treatment for this system. When improved with the use of RDC
data, this method converges to a 0.5 Å interface rmsd structure
relative to the previously reported NMR ensemble (Figure 5C
and E). The converged low-energy structures resulting from this
protocol (Figure 5E) are consistently lower in energy than the
partially unfolded dimers obtained with symmetric docking
(Figure 5D), providing further indication that the structure is
interleaved.
WehavefurthertestedthisapproachfortheproteinATU0232
from Agrobacterium tumefaciens (PDB ID 2K7I). The previously
determined solution structure shows a complicated interleaved
interface with an intermolecular 5-strand β-sheet in which
subunit R forms strands 2 4, while subunit β forms strands
1,5. Again, themonomer CS-Rosetta calculations and symmetric
docking calculations starting from the CS-Rosetta monomers do
not show convergence, indicating an interleaved dimer interface.
The fold-and-dock protocol, supplemented by 45 RDCs, con-
verges to a 2.5 Å structure, which shows the correct interleaved
backbone topology (Supporting Information Figure 1).
Very similar results were obtained for the structural genomics
target KR150 with remote homology to the protein SP_0782
from Streptococcus pneumoniae for which a crystal structure of the
dimer(PDBID3OBH)showsaninteractioninterfacecontaining
an exposed R-helix. Using the Rosetta fold-and-dock branch of
the protocol together with the backbone chemical shifts, a set of
67 manually assigned backbone NOEs, and RDCs, we obtain a
dimer structure that is within 2.6 Å backbone rmsd from the
homologous structure (Supporting Information Figure 2).
Furthermore, the structures are very similar in fold to the
structures obtained using conventional structure calculations
and a full set of NOEs. Good agreement with the RDCs is
indicated by a Q-factor of 0.32 (see Materials and Methods for
deﬁnition of the Q-factor). These results show that RDCs can
guide accurate structure determination even for interleaved
oligomers. Again, the lack of convergence for the monomer CS-
Rosetta calculations are an indication of a potentially interleaved
dimer and the user is guided to use the fold-and-dock branch of
the protocol (Figure 1).
An intermediate case of a dimer with a semi-interleaved
interface topology is the HIV-1 capsid protein (CA) C-terminal
domain (CTD). Dimerization of the CTD results in the cross-
linking of individual 5mer and 6mer rings formed through
interactions of the N-terminal domain (NTD), which promotes
the assembly of the virus capsid. The solution structure of the
protein has been previously determined using RDCs, TALOS
dihedral angle and hydrogen bond restraints, and a large set of
NOEs, of which 210 were intermolecular.
28 The structure
determined in solution ﬁts well into the Cryo-EM density map
and shows a semi-interleaved dimer interface in which the
N-terminus of the CTD (residues 145 151 in the full-length
protein) ﬁt into a helical groove on the symmetric subunit, as
conﬁrmed by the observation of several intersubunit NOEs
(PDBID2KOD).Here,wehaveusedthechemicalshiftassignments
from solid-state NMR experiments reported in reference 29 and
backbone N H and CR HR RDCs measured in solution
28 as
the only source of experimental information to dock the dimer
into a structure that is very close (1.2 Å interface rmsd) to the
previously reported NMR ensemble (Supporting Information
Figure 3). The side chains of residues Trp 184 and Met 185,
shown previously to be crucial for dimerization,
30 are found in
the core of the interface forming packing interactions in the
dimeric structure. Moreover, the monomeric subunit shows a
kink in helix 9, which forms the core of the dimer interface, in
agreement with the NMR structure and Cryo-EM density.
28 In
this case, we used the fold-and-dock protocol followed by
symmetric docking optimization of the obtained low-energy
conformations using perturbation runs (see Materials and6293 dx.doi.org/10.1021/ja111318m |J. Am. Chem. Soc. 2011, 133, 6288–6298
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Methods). Although the low-energy conformations obtained
fromthefold-and-dockprotocolshowed moderateconvergence,
the use of symmetric docking optimization of the low-energy
conformations resulted in improved convergence and recovered
a docking funnel towards the native structure of the dimer.
Solution Structure of the HIV Integrase Homodimeric
Catalytic Core Domain. We also evaluated the capability of
RosettaOligomers to determine the structure of dimers built
from larger monomers, using as a test case the 36 kDa homo-
dimeric catalytic core domain (residues 50 212) of the HIV-1
integrase enzyme (IN
50 212), whose structure was originally
solvedby X-ray crystallography.
31,32 Solution studies of asoluble
variantofthewild-typesequencecontainingfivepointmutations
have shown that it exists in a conformation for which the
monomeric unit is very similar to that seen in the crystal
structure; however, the data collected in solution were insuffi-
cient to determine the structure of the dimer.
33 The same study
found that this variant of IN
50 212 also exists predominantly as a
symmetricdimer.WemeasuredRDCsintwodifferentalignment
media (see Materials and Methods for data collection details).
With the use of backbone chemical shift-derived fragments, a
converged structural ensemble is obtained for the monomeric
subunit that falls very close to the monomeric subunit observed
in the crystal structure (within 1 Å backbone rmsd calculated for
residues in the well-ordered regions of the structure, secondary
structureelementsandstructured loops).Consistentwithearlier
NMR data, the final ensemble shows a high degree of structural
variability in the loop connecting the two C-terminal helices,
spanning residues 185 195.
33 Moreover, the catalytic loop
spanning residues 140 153, previously shown to be conforma-
tionally dynamic by
15N relaxation analysis, is found to be
structurally variable in the low-energy monomer ensemble
derived by CS-Rosetta (Supporting Information Figure 4).
Starting from the ensemble of monomers, using symmetric
docking and the RDCs obtained in two alignment media, a
converged dimer structural ensemble is obtained (Figure 6
inset). This ensemble is in good agreement with the crystal
structure of the wild-type sequence, with a 1.3 Å backbone rmsd
Figure 5. Results for the yiiF interleaved dimer using the two diﬀerent modes of the RosettaOligomers structure determination pipeline. Results from the
application of CS-Rosetta followed by RDC-assisted symmetric docking (A, B) are contrasted to results obtained using the fold-and-dock protocol
supplementedwithRDCs,
19speciﬁcallydesignedtopredictthestructureofinterleaveddimers(C).(A)CS-Rosettaappliedtothemonomer.Thisdoesnot
converge to a single structure, due to the fact that interactions within the dimer are essential for folding the monomeric subunit. (B) Converged docking
solutions. Using the nonconverged low-energy conformations from A, converged docking solutions are obtained (D) which contain a major part of the
interactioninterfacebutaremissingtheintersubunitβ-strandpairing.(C)Correctnativestructureofthedimer.Usingthepreviouslypublishedfold-and-dock
protocol, this structure of the dimer is obtained (E). In all structure diagrams the native structure (PDB ID 2K5J) is shown in red, and the lowest-scoring
Rosettastructure,inblue:X-axisbackbonermsdrelativetothecrystalstructure(Å);Y-axisRosettafull-atomenergy,supplementedwithanRDCenergyterm.6294 dx.doi.org/10.1021/ja111318m |J. Am. Chem. Soc. 2011, 133, 6288–6298
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over the regions with well-deﬁned electron density (excluding
the disordered active site loop at residues 140 153). The
C-terminal helix spanning residues 197 209, which forms part
ofthedimerinterface,isinaverysimilarorientationasthatinthe
crystal structure. The rmsd of the interface atoms is 0.7 Å, and
there is a high degree of convergence of the interface side chains
to the rotamers observed in the crystal structure. In the ﬁnal
dimer ensemble, the lack of structural variability for the catalytic
loop is due to the fact that a single monomer conformation seed
happened to provide most of the low-energy solutions at the
symmetric docking stage.
These results are consistent with the observation of a single,
ensemble-averaged resonance for each atom inthe NMR spectra
and show that the solution data are consistent with the dimeric
structure observed in the crystal state, as also indicated by RDC
quality factors of 0.3 and 0.32 for RDCs collected in liquid
crystalline phage and PEG media, respectively. The high degree
of consistency between experimental RDCs and the ones calcu-
lated from the dimer models presented here suggest that our
method oﬀers a reliable way to interpret limited solution data in
deriving structural models of a quality that approaches high-
resolution X-ray structures.
Applications to Higher-Order Oligomers. We have further
tested the practical usefulness of our approach for the symmetric
modelingoflarger-size oligomersbyapplying ittodeterminethe
structure of the equine infectious anemia matrix virus protein
homotrimer using previously published NMR data.
34 Previous
solutionstudieshaveshownthattheproteinexistsinequilibrium
between a monomer and a trimer; however the structure of the
trimer has not been previously determined in solution. Using
RDCs and backbone chemical shifts alone, our approach con-
verges to a trimer structure that is in agreement with the RDC
data (Q-factor of 0.4). Moreover, the structure determined here
is in qualitative agreement with chemical shift mapping results
from titration experiments that report on the residues that form
the trimer interface (shown as red spheres in Supporting
Information Figure 7). On the basis of the structure of a remote
homologue, a different trimer organization was previously
suggested;
34 the two alternative models should be distinguish-
able in future work using additional solution data, such as small-
angle X-ray scattering and intermolecular NOEs.
The p53 oligomerization domain was the oligomer with the
largestnumberofsubunitsevaluatedhere.Previousexperimentally
determinedstructuresbybothsolution-stateNMR
35 37andX-ray
crystallography
38 have shown that it exists as a tetramer of D2
symmetry (a dimer of dimers), in which the basic dimer has an
interface with an interleaved topology. Deriving the correct
topology for such a system out of the large possible number of
arrangements that would be compatible with identical resonance
positions for the four components of the tetramer presents a
diﬃcultchallenge.Thisproblemwassolvedcorrectlybyadetailed
analysis of multiple isotope-edited and isotope-ﬁltered NMR
spectra. Modest diﬀerences between the original NMR structures
and the subsequent 1.7 Å resolution X-ray structure in terms of
backbonermsd(1.2and 1.9Åtothe meancoordinatesofthetwo
NMR ensembles, respectively
35,37) in part reﬂect the technical
challenge in obtaining a high accuracy solution structure from
NMR data. Subsequent reﬁnement of the NMR structure
39 with
the addition of multiple interdomain NOEs (through a more
exhaustivepeak-pickingintheNOESYspectra)resultedinamore
Figure 6. Solution structure of the HIV integrase dimer determined with RosettaOligomers using backbone chemical shifts and RDC data. The
structure of the catalytic core domain of the HIV integrase homodimer (residues 50 212) was determined using exclusively solution NMR data.
Backbone chemical shifts were used to solvethe structure ofthe monomer, which was then docked in asymmetric manner with the use of N H RDCs
measured in two alignment media.
56 Two types of docking calculations, starting from the native dimer orientation (red) and starting from acompletely
randomized orientation(green) bothconverge tothe sameenergy minimum, indicating globalconvergence ofthemethodto theX-raystructure (PDB
ID 1BIS), as shown in the structure diagram (inset). The rmsd is computed for the backbone atoms of the well-ordered regions of the molecule, as
describedinthemaintext.Anensembleofthe10lowest-energyconformations(shownincolor)issuperimposedontheX-raystructure(showningray).
An RDC Q-factor of 0.3 for both alignment media indicates good agreement of the ﬁnal ensemble to the RDC data.6295 dx.doi.org/10.1021/ja111318m |J. Am. Chem. Soc. 2011, 133, 6288–6298
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compact interface between the dimers and interhelical angles that
are closer to those seen in the X-ray structure (backbone rmsd of
0.6 Å).
38 All these solution studies employed 2D, 3D, and 4D
heteronuclear-separated and isotope-ﬁltered NOESY techniques
using samples of both uniformly labeled (
15N,
13C) and mixed
heterotetramers with equal amounts of labeled and unlabeled
proteins, to distinguish between NOEs arising from interactions
between the diﬀerent subunit combinations. Together with other
types of experimental information, such as chemical shifts, J-cou-
plings, and hydrogen deuterium exchange, numerous restraints
(e.g., 4472 restraints in reference 39 of which 3752 were distance
NOEs) were used to derive converged structural ensembles. The
number of intersubunit restraints used in reference 35 was 864,
including 840 NOEs and 24 hydrogen bond restraints.
Using our method and backbone chemical shifts alone, we
obtain a converged structural ensemble that falls very close to the
X-raystructureintermsofbackbonermsd(1.1Åforallbackbone
atoms, 0.3 Å for all interface atoms, deﬁned according to a 3.5 Å
distance cutoﬀ). A comparison with the crystal
38 and conven-
tional NMR structures
35 (Figure 7) illustrates that the structure
determined here is of comparable quality to the one determined
using standard (and more laborious) NMR structure determina-
tion protocols, using a much more limited set of data(onlyN, H,
CR,C β, and CO assignments were suﬃcient to obtain a
converged structural ensemble), which is typically the starting
point in data collection for NMR structure determination.
Although we assumed D2 symmetry to obtain this result, C4
symmetry(theonlyotheralternativefora4-subunitprotein) was
excluded on the basis of separate calculations: with this type of
symmetry, the calculations do not converge to a single structure
andresultinaverage energies that arefargreater thanwhenusing
D2 symmetry. This shows that our method also has the potential
to dinstinguish between diﬀerent point groups in simple cases.
Taken together, these results indicate the practical use of our
approach for determining the structures of symmetric oligomers
of various numbers of subunits and symmetry groups.
Use of Small-angle X-ray Scattering Data. We have evalu-
ated the use of small-angle X-ray scattering (SAXS) data in our
approach for the protein TolR using previously published data.
10
To calculate SAXS curves from the coordinates of the sampled
conformationswehaveimplementedamethodthatusesacoarse-
grained representation of the protein with residue-specific form
factors that have been parametrized using a database of high-
resolution protein structures.
40 A score term that is proportional
to the rms from the experimental data is used in both the low-
resolution search and full-atom refinement stages of the sym-
metric docking calculation (Supporting Information Figure 6c).
WhensupplementedbySAXSdata alone,thesymmetricdocking
calculationsconvergetotwolocalminima,showingthattheuseof
SAXS data effectively eliminates the search in many additional
falseminimaofthedocking energylandscapeotherwiseobserved
in an unbiased calculation (Supporting Information Figure 6b,
green versus red points). Inspection of representative dimer
structures from each minimum shows that one corresponds to
thenativestructure,whiletheotherisadimerinwhichoneofthe
monomeric subunits is inverted relative to its native orientation
(SupportingInformationFigure6d,e).Thisresultsinverysimilar
SAXS profiles (Supporting Information Figure 6a) and Rosetta
energies, suggesting that additional data types, such as RDCs, are
needed for full convergence to a single structure. In fact, with the
use of RDCs for the NH bond vectors alone in addition to the
SAXS data, our method converges to the native dimer structure
(Supporting Information Figure 6b, blue points). This indicates
that the use of SAXS data can complement RDCs in dimer
structure determination, by reducing the amount of RDC data
required to achieve convergence (68 vs 261 RDCs required to
achieve convergence in the absence of SAXS data).
’CONCLUSIONS
The strategy presented here enables the determination of the
higher-order structure of protein dimers using exclusively NMR
data, such as backbone chemical shifts and amide
15N 
1H
RDCs, without the need for any prior structures of the mono-
meric subunits.In all cases tested here, the method converges on
structures similar to previously published high-resolution dimer
structures obtained by X-ray crystallography or by conventional
NMR structure determination protocols making use of interface
NOES.Moreover,thecomputedstructuresshowdetailsinterms
of side chain orientations at the interface that are very similar to
those determined using high-resolution methods. It is perhaps
surprising that accurate models of oligomers can be generated
from chemical shift and RDC data alone. The success of our
approach illustrates the power of molecular symmetry in conﬁn-
ing the search space and making modeling more tractable. Even
withtheconstraintsprovidedbysymmetry,itisexpectedthatfor
larger systems, inaccuracies in determining the monomeric
structure from chemical shifts alone and the existence of many
local minima in the docking energy landscape would make
additional data necessary to unambiguously converge on the
native structure of the oligomeric complex.
RosettaOligomers provides an automated pipeline for deriv-
ingaccuratedimerstructuresbyNMRthatcanbereadilyapplied
inhigh-throughput structuralgenomicsinitiatives.Theapproach
Figure 7. Comparison of structures determined using diﬀerent meth-
ods. The structures of the p53 oligomerization domain tetramer (D2
symmetry) determined using X-ray crystallography
38 (PDB ID 1C26)
(red),solution-state NMR
35(PDBID1OLG)(green),andourmethod
(blue) are superimposed on a same reference frame. Only backbone
chemical shifts were used here to determine a highly similar structure,
otherwise obtained using a full set of assigned intersubunit NOEs.6296 dx.doi.org/10.1021/ja111318m |J. Am. Chem. Soc. 2011, 133, 6288–6298
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described here for homodimers can be readily extended to
trimers and other size homo-oligomers of various symmetry
groups, as illustrated for the equine anemia virus matrix
protein trimer and the p53 tetramer. However, it is expected
that in larger systems, inaccuracies in determining the mono-
meric structure from chemical shifts alone and the existence of
many local minima in the docking energy landscape would
require additional data to unambiguously converge on the native
structure of the oligomeric complex. It is anticipated that
incorporationofadditionaldatatypesthatreportontheinterface
(sparse NOEs) and shape (SAXS) of the protein complexes will
enable the structures of much larger oligomeric systems with
internal symmetry to be solved, further expanding the range of
biologically important systems amenable to solution NMR. Our
method is ready to support such data types, thus providing a
powerful tool for determining the solution structure of sym-
metric protein assemblies.
’MATERIALS AND METHODS
Structural Ensemble Generation Using CS-Rosetta/Sym-
metric Docking. We have used the CS-Rosetta method as described
previously
20,21 to determine the ensemble of the monomeric subunit. All
protocolsusedherecanbedownloadedaspartofthestandardRosetta3.0
distribution
41 (SVN version 39640 can be obtained at http://www.
rosettacommons.org/). To run CS-Rosetta starting from an extended
polypeptide sequence, we first select backbone conformations of all
possible overlapping residue fragments of three and nine residue lengths
that are consistent with the recorded backbone chemical shifts. Also, 200
fragments are selected for each residue position from a chemical shift-
annotateddatabase.
21,42Toperformthistask,weareusinganewfragment
search method (manuscript in preparation), with information such as
backbone secondary structure prediction using the TALOSþ program
43
andsequenceprofileinformationprovidedbytheprogramPSI-BLAST.
44
The weights for the different types of selection criteria are given in a
separate weights parameter file (see the Supporting Information). This
method is robust to incomplete assignments to as low as one atom type
per residue,
45 and, prior to running the structure calculations in CS-
Rosetta,canbeexecutedasastand-aloneapplication,usingthecommand
line options shown in the Supporting Information. In all cases attempted
here, good convergence of the CS-Rosetta protocol was obtained by
running 10000 20000 calculations on a Linux-based cluster.
Inallcasesusedheretobenchmarkthemethod,homologuespresentin
the fragment database were excluded from our analysis according to a
sequence similarity criterion (PSI-BLAST score of 0.05 or less) and by
manual exclusion from the fragment database of the structures that were
highlyrepresentedintheselectedfragments(presentinmorethan10%of
all sequence positions) and showed structural similarity to the target
proteins.
Having obtained fragments of lengths three and nine residues using
chemical shift information, we proceed to the CS-Rosetta monomer
calculation using the recently implemented minirosetta application,
41
which also supports the inclusion of any available NOE and RDC
constraints. The command-line options for this step are included in the
Supporting Information.
The symmetric docking protocol,
18 that was adapted to use RDC
data, was then used to dock the low-scoring monomers extracted from
the CS-Rosetta runs. In this protocol, the individual subunits are
assumed to be perfectly symmetric about a user-deﬁned axis. A detailed
description of the implementation of symmetry used here is included in
theoriginalpublication.
18FortheC2symmetryusedhere,oranytypeof
cyclic symmetry, the orientation of the symmetry axis is deﬁned in an
input symmetry deﬁnition ﬁle. By default, the z-axis is set as the
symmetry axis of the system. Alternatively, the program can take an
arbitrary symmetry axis as the axis of symmetry, which can be extracted
in theformofasymmetrydeﬁnitionﬁlefromapdbinputﬁlecontaining
the coordinates of the dimer chains (A, B) using an in-house script,
which is part of the standard Rosetta SVN distribution (an example of
running the script is shown in the Supporting Information).
Using the symmetry deﬁnition ﬁle prepared in this manner and the
input PDB ﬁles for the monomer conformations, we then perform
symmetric docking calculations using the SymDock application (SVN
version39640canbeobtainedathttp://www.rosettacommons.org/) as
described in the Supporting Information. In all cases attempted here,
good convergence of the symmetric docking protocol was obtained by
running 10000 calculations on a Linux-based cluster.
Starting from a completely randomized orientation between the
monomeric subunits around the symmetry axis, the symmetric docking
protocol performs iterations of Monte Carlo-based optimization of the
rigid body and side chain degrees of freedom in two steps: In a ﬁrst, low
resolution step using a coarse energy function, the rigid body orientation
of the monomeric subunits is randomly perturbed and the two subunits
are translated into contact along an axis that is perpendicular to the
symmetry axis. At this step, side chains are represented using a single,
residue-speciﬁc pseudoatom, positioned at the C
β carbon. Monte Carlo
trials of the total energy of the system are used to ﬁnd a local energy
minimum of the rigid-body orientation of the symmetric subunits. In the
second, more time-consuming high-resolution step, Rosetta’s full-atom
energy function is used with a soft-repulsive term for van der Waals
interactions. During this stage, the side chains are combinatorially
optimized and the rigid body and side chain degrees of freedom are
subjected to quasi-Newton minimization after which the trial is accepted
or rejected according to a Metropolis criterion.
46 Up to this point, the
backbone is kept ﬁxed to that of any of the lowest energy conformers,
obtained by the CS-Rosetta structure determination for the monomer. A
ﬁnal relaxation step of all degrees of freedom, including the backbone
dihedrals and side chains, was implemented in this study to account for
local structural changes due to the interactions between the monomeric
subunits,accordingtothealgorithmsdescribedpreviously.
47Theadapta-
tioninbackbonermsdduringthisstepwasfoundtobelessthan1Åforall
proteins tested here. Thisstep alsoallows for improved discriminationof
the native docking funnel in Rosetta’s full-atom energy.
To evaluate the robustness of our docking approach and to test the
presenceofaclearenergeticsignatureofthenativestateintheRosettafull-
atom energy, for all test cases, we performed independent docking
perturbation studies as previously described in reference 24. Starting from
a symmetry deﬁnition ﬁle prepared using the native structure of the dimer
as input, the orientation of the monomeric subunits was randomly
perturbed by a displacement and a rotation around each one of the three
axes drawn from Gaussians centered at 3 Å and 5 , respectively. The correct
orientation between the monomeric subunits is consistently recovered in
dockingcalculationsusingasmallperturbationofthenativedimerstruc-
ture (red scatter plot in Figure 6) as well as using a completely randomized
orientation of the two monomers (green scatter plot in Figure 6). This
indicates a high degree of convergence of the docking algorithm to the
lowest-energystructureandfurthershowsthatRosetta’sall-atomenergy
function enhanced by the RDC energy term is able to discriminate the
native structure from the many non-native local energy minima.
Structural Ensemble Generation Using Fold-and-Dock. In
the cases of dimers with interleaved interfaces, the fold-and-dock
protocol simultaneously explores the folding and docking degrees of
freedom, as described previously.
19 The protocol consists of four low-
resolution stages of increasing complexity in the energy function, in
which symmetric fragment insertions are interleaved with symmetric
rigid-body trials. Finally, symmetric repacking of the side chains and
gradient-based minimization oftheside chain,rigid body, andbackbone6297 dx.doi.org/10.1021/ja111318m |J. Am. Chem. Soc. 2011, 133, 6288–6298
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degrees of freedom are applied. In the current implementation, the
protocol is run using the minirosetta application.
First, a symmetry deﬁnition ﬁle is constructed in the same manner as
described previously for the symmetric docking protocol. Overlapping
residue backbone fragments are selected according to the same methods
used in CS-Rosetta.
21,45 This application is included in the Rosetta 3.0
software suite
41 and can be run as described in the Supporting Informa-
tion. In one case (see CA dimer), the use of symmetric docking runs
starting from the low-energy conformations obtained from the fold-and-
dock protocol by perturbing the orientation of the individual subunits in
the dimer was found to greatly improve convergence and native fold-
discrimination. To perform such perturbation runs, a symmetric deﬁni-
tionﬁleispreparedusingasinputaconformationfromthefold-and-dock
low-energy ensemble, followed by symmetric docking as previously
described. In all cases attempted here, good convergence of the fold-
and-dock protocol was obtained by running 20000 30000 calculations
on a Linux-based cluster.
Use of RDCs in Docking and Structure Refinement. During
the symmetric docking or fold-and-dock protocols, RDC-based re-
straints were constructed by duplicating the measured RDC values for
each subunit of the dimer. The singular value decomposition method as
described by Losonczi and co-workers
48 was used to determine the
elements of the alignment tensor that best fit the experimental data in
the least-squares sense and to calculate RDC values given a structural
model.TheJacobimethodwasimplementedtocalculatetheeigenvalues
of the order matrix for subsequent analysis.
49 Using this treatment, one
of the axes of the order matrix is collinear with the symmetry axis of the
system. Finally, a term that is proportional to the rmsd between
experimental and calculated RDCs was used during the Monte Carlo
trialsandgradient-basedminimization,accordingtotheimplementation
previously described by Hess and Scheek, which allows for gradient-
basedoptimizationoftheRDCtargetfunction.
50Initialestimatesforthe
magnitudeofthealignmenttensor,forthepurposeofrescalingdatasets
from multiple alignment media, were obtained from a powder pattern
distribution of the RDC data.
51 For the purpose of validation of final
structural models, we have calculated Q-factors, defined as
Q ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
∑ðDcalc  DobsÞ
2
q
=RMSðDobsÞ
after Cornilescu and co-workers.
52
RDC Measurements. The catalytic core domain (residues
50 212) of HIV-1 integrase (strain NL4-3) was expressed recombi-
nantly and purified as described previously.
33 The soluble Q53E C56S
W131E F185K Q209E variant was used for all experiments. Perdeuter-
ated,
15N-,
13C-labeled protein was concentrated by centrifugal ultrafil-
trationto 500 μM monomerconcentration (250 μM dimer) in 100 mM
NaCl, 20 mM PIPES buffer (pH 6.5), 40 mM MgCl2, 0.5 mM Tris
(2-Carboxyethyl)phosphine(TCEP),0.02%(w/v)NaN3,6%(v/v)D 2O.
The sample was separately aligned in two media, bacteriophage Pf1
53,54
obtained from ASLA Biotech (Riga, Latvia) and 4% (w/v) C12E5
polyethyleneglycol(PEG)/n-hexanol.
55ForthePf1-alignedsample,Pf1
was added to a final concentration of 12 mg/mL, and the NaCl
concentration was increased to 200 mM to reduce nonspecific interac-
tions between the protein and the phage. The
2H quadrupolar splittings
were 8.3 and 19.6 Hz in the Pf1 and PEG-aligned samples, respectively.
RDCs were measured at 25  C on a Bruker Avance-III 900 MHz
spectrometer, equipped with a triple-resonance cryogenic probe. Cou-
plingswereobtainedfrom2D
15N 
1H TROSY-HSQCspectra usingthe
ARTSY technique.
56 The
15N acquisition time was 80 ms (250 complex
points), and the
1H acquisition time was 110 ms (1784 complex points).
NMRsamplepreparation andbackbone assignmentsofKR150using
standard triple resonance experiments were performed as described
previously.
57 RDCs were measured in 4% (w/v) C12E5 polyethylene
glycol (PEG)/n-hexanol using a J-modulated experiment.
58,59
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